First-principles high-pressure unreacted equation of state and heat of formation of crystal 2,6-diamino-3, 5-dinitropyrazine-1-oxide (LLM-105) J. Chem. Phys. 141, 064702 (2014) We discuss the high-pressure phases of crystalline lithium hydroxide, LiOH. Using first-principles calculations, and assisted by evolutionary structure searches, we reproduce the experimentally known phase transition under pressure, but we suggest that the high-pressure phase LiOH-III be assigned to a new hydrogen-bonded tetragonal structure type that is unique amongst alkali hydroxides. LiOH is at the intersection of both ionic and hydrogen bonding, and we examine the various ensuing structural features and their energetic driving mechanisms. At P = 17 GPa, we predict another phase transition to a new phase, Pbcm-LiOH-IV, which we find to be stable over a wide pressure range. Eventually, at extremely high pressures of 1100 GPa, the ground state of LiOH is predicted to become a polymeric structure with an unusual graphitic oxygen-hydrogen net. However, because of its ionic character, the anticipated metallization of LiOH is much delayed; in fact, its electronic band gap increases monotonically into the TPa pressure range. © 2014 AIP Publishing LLC.
I. INTRODUCTION
Lithium hydroxide, LiOH, is a light element compound at the crossroads of molecular and ionic bonding. The metastable monomeric molecule is linear (as is LiOLi, but not HOH), yet quite non-rigid. At 298 K (and below) and P = 1 atm, LiOH is a hygroscopic ionic solid. Anhydrous LiOH at P = 1 atm is relatively stable, melting at 462
• C, attesting to its ionic character. It finds use in tight spaces: as precursor of lithium greases such as lithium stearate, 1 and as a carbon dioxide absorbant in spacecrafts or submarines (converting CO 2 to lithium carbonate).
2, 3 Hydrated LiOH exists, as the monohydrate LiOH · H 2 O, the X-ray and neutron crystal structures of which are available. 4, 5 In the solid state anhydrous LiOH, unlike water ice, for instance, does not feature a hydrogen bonding network; the absence of such bonding in the solid at room temperature is in line with other alkali metal hydroxides (and also amides). [6] [7] [8] [9] [10] [11] [12] Yet hydrogen bonding is lurking as the fate of these materials as one moves to lower temperature or higher pressure. Phase transitions in many of the associated compounds to hydrogen-bonded or even polymeric anionic structures are observed or predicted. [7] [8] [9] [10] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In the present study, we investigate the influence of compression on the structural and electronic properties of LiOH. We find that LiOH takes a unique pathway amongst its isoelectronic or isolobal analogues, by forming a network structure of linear hydrogen bonds at moderate pressures, before more compact structures of hydrogenbonded zig-zag chains and eventual polymeric structures are stabilized at very high pressures. We will make a case below for reconsideration of previous experimental and computational assignment of the intermediate-pressure phase of LiOH.
Another motivation of this work comes from our recent studies of the high-pressure phases of water ice, where we asked what pressure would be needed to metallize H 2 O. [24] [25] [26] As it turned out, the metallization pressure of ice is very likely to be high, around 5TPa, and thus larger than the pressures found even in the core of Jupiter. One might ask, however, if metallization of ice could be induced at lower pressure by addition or substitution of an electropositive element, such as an alkali or alkaline earth metal-as is predicted, for example, for hydrogen, where metallic polyhydride phases are proposed to be stabilized under pressure. [27] [28] [29] [30] [31] Here we study partial substitution of lithium in H 2 O, which naturally leads one to both anhydrous LiOH (replacing every second H by Li), and the monohydrate LiOH+H 2 O (replacing every fourth H by Li).
II. SOLID LIOH AT ATMOSPHERIC PRESSURE
At atmospheric pressure and room temperature, LiOH crystallizes in a tetragonal structure of P4/nmm symmetry with two formula units per unit cell. 6, 32, 33 The structure comprises layers of square lattices of lithium atoms, with each square capped by a hydroxide ion, alternating above and below the lithium layer (see Figure 1) . Thus, each oxygen ion is fourfold coordinated with lithium atoms, and each lithium atom is in a distorted tetrahedral environment of oxygen atoms.
The hydroxyl groups in LiOH do not form hydrogen bonds, which is also the case for the solids of the heavier alkali hydroxides (i.e., MOH with M = Na, K, Rb, or Cs) at room temperature. However, almost all of those exhibit a low temperature phase, where the OH groups arrange themselves to form hydrogen-bonded zig-zag chains O-H · · · O-H · · · O-H, in macroscopic antiferroelectric order. 7-10, 15-17, 34 A peculiar case is NaOH, which does not exhibit such a phase transition, while its deuterated analogue, NaOD, does; it has been argued that tunnelling of the protons in NaOH prevent the phase transition. 7, 35 In LiOH the P4/nmm phase is stable down to at least 10 K. 36 It is designated as LiOH-II, while a high-temperature phase of unknown structure is designated as LiOH-I. 36, 37 The absence of hydrogen bonds in room temperature alkali hydroxides (and LiOH at all temperatures) is curious. One argument for the structural choices in these compounds is that the protons of the OH groups benefit from maximizing their separation from the positively charged cations, which in turn benefit from close proximity to the negatively charged oxygen atoms. That favors a layered structure with outwardpointing OH groups. These could then only establish hydrogen bonds to adjacent layers, and would require tilting of the OH groups away from the c axis; in itself this is not an issue, but it reduces the proton-cation separation. This seems energetically unfavorable for LiOH, but is possible for the heavier alkali hydroxides, where the proton-cation separations are larger. At finite temperature, however, tunnelling and rotational degrees of freedom of the OH groups are unlocked, and the hydrogen bond network is lost (or at least significantly weakened).
Another way of thinking about this starts with the atoms: these compounds are very ionic, and protons are very small. An educated guess for the alkali-oxygen sublattice would be the rocksalt structure, but there are then no obvious sites for the protons that maximize the proton-cation separation. Hence the rocksalt structure is broken up, elongated along the c axis, until it reduces to a layered (or bilayered) structure; protons can then be inserted in a very convenient way between the layers, forming hydroxyl groups in the process. Additional degrees of freedom such as shifting of adjacent layers within the ab plane lead to the structural variety seen for the different alkali metals.
While there are no hydrogen bonds in LiOH, does not one have "lithium-bonds"? These have been discussed in the literature, [38] [39] [40] as there is little question that naked lithium atoms in molecules have a great, great proclivity for electron pairs-if there is a nitrogen or oxygen base with available lone pairs of electrons in the vicinity, lithium atoms bound to other atoms will associate with such Lewis bases. The LiOH solid state structure certainly shows each Li + coordinated to four oxygens of OH − group around it. So perhaps a fair comparison to make with the structure of water ice is that LiOH in the solid forms four Li · · · O "lithium bonds" per lithium, but no H · · · O hydrogen bonds.
III. HIGHER-DENSITY PHASE TRANSITION IN LIOH
Can pressure induce a phase transition in LiOH that leads to the formation of hydrogen bonds? This is certainly true for the heavier alkali hydroxides, all of which exhibit (at room temperature) a transition to their respective low-temperature phases at moderate pressures of 0.7-0.9 GPa. 20, 21, 41, 42 Remarkably, also NaOH (which does not have such a lowtemperature phase) forms a hydrogen-bonded structure under pressure, which is a distorted NiAs structure of Pbcm symmetry. 20, 21 It is thus reasonable to assume a similar progression of phases in LiOH-and indeed, both IR/Raman spectroscopy and powder neutron diffraction experiments indicated a clear phase transition to a new phase, coined LiOH-III, at 0.7 GPa (and 1.7 GPa in LiOD). 18, 19 LiOH-III is characterized by a significant reduction (softening) of the symmetric and asymmetric O-H stretching frequencies and a significant volume reduction when compared with LiOH-II.
LiOH-III was initially suggested to possess the Pbcm symmetry with a doubled unit cell compared to P4/nmmLiOH-II, 18 but the room-temperature neutron data were eventually fitted to a monoclinic structure of P2 1 /a symmetry, inspired by the low-temperature modification of NaOD. 19 A subsequent computational study using the metadynamics approach 43, 44 to explore the potential energy surface of LiOH found that a quasi-monoclinic phase, which featured zig-zag hydrogen bonds between the OH groups, was stabilized at elevated pressures. 45 This phase, however, was found at much higher pressures than the experimental phase LiOH-III; its structure factor did not agree very well with the experimental neutron pattern; and the softening of the O-D stretching mode with pressure was an order of magnitude larger than seen in experiment.
IV. STRUCTURE SEARCHES
To find other potential structures of LiOH-III, we performed ground state structure searches using the evolutionary algorithm approach at P = 1 atm, 50 GPa, 100 GPa, and 600 GPa, (corresponding to relative compressions V 0 /V of about 2.0, 2.4, and 4.2, respectively) with four formula units per unit cell, respectively, using the XtalOpt methodology interfaced with the VASP density functional package and the projector augmented wave (PAW) approach for the electronion interaction [46] [47] [48] [49] (see Sec. XI for more details). Candidate structures from each search were optimized across the whole pressure range and to even higher pressures. In Figure 2 we show the relative enthalpy of formation of the ground states (not including dynamical effects) of the best structural candidates up to P = 30 GPa, including the structural suggestions for LiOH-III from the aforementioned experimental and computational literature.
Our structure search correctly identifies the experimental P4/nmm structure as the global minimum at P = 1 atm, and our optimized ground state structure also agrees well with experimental data, see Table I . At P = 1 GPa, a new phase of I4 1 /acd symmetry becomes most stable, and remains the minimum enthalpy structure up to P = 16.5 GPa, where another phase of Pbcm symmetry becomes more stable-and remains the most stable phase of LiOH up to about P = 1100 GPa, (relative compression V 0 /V = 5.2) according to our calculations. The P2 1 /a structure suggested by experiment, which is similar to the low-temperature NaOD phase, and was possibly seen in the metadynamics simulations, is not stable at any pressure in our calculations. We therefore argue below that the LiOH-III phase is instead a new structure type amongst the alkali hydroxides, with I4 1 /acd symmetry, and yet another phase, LiOH-IV of Pbcm symmetry, should be stabilized at pressures higher than 16.5 GPa.
V. REASSIGNMENT OF LIOH-III
We find the I4 1 /acd structure to be the most stable ground state structure between P = 1 GPa and P = 16.5 GPa. The P4/nmm → I4 1 /acd transition pressure agrees well with the experimental transition pressure of 0.7 GPa between LiOH-II and LiOH-III; however, the structure we find is very different from those proposed so far. In Figure 3 , we show the I4 1 /acd structure; the local environment of each atom is in a way very similar to the P4/nmm structure: each oxygen atom is the cap of a square pyramid of lithium atoms, and each lithium atom is approximately tetrahedrally coordinated to four oxygen atoms (see Figure 3 ). In I4 1 /acd, however, the OH groups form linear O-H · · · O-H · · · O-H · · · chains throughout the lattice: the essential difference between the P4/nmm and I4 1 /acd structures is the re-orientation of the OH groups, which in P4/nmm are all aligned (anti-)parallel, but in I4 1 /acd change direction by 90
• in successive layers along the c axis. This rearrangement of the OH groups allows for a far more compact overall structure: the volume per formula unit in I4 1 /acd at P = 2 GPa is 11% smaller than that of P4/nmm at the same pressureand 20% smaller than that of P4/nmm at P = 1 atm, in very good agreement with experiment. 19 In Figure S1 of the supplementary material (SM), 50 we show the volume-pressure relations for the most important of these LiOH structures.
The I4 1 /acd structure of LiOH-III has linear O-H · · · O-H hydrogen bonds, and these set it apart from all other lowtemperature or high-pressure alkali hydroxide structures. The OH · · · O distance varies from 2.00 Å at P = 2 GPa to 1.74 Å at P = 20 GPa. The corresponding hydrogen bond length in ice VIII is a bit shorter in the same pressure range; it varies from 1.88 Å to 1.60 Å. Meanwhile, the covalent O-H bond distance in LiOH remains constant at 0.98 Å (see Figure S2 of the supplementary material 50 ). The hydrogen bonding we observe indeed lowers the O-H stretching frequency, as seen in experiment. We compare the calculated and measured IR/Raman peak positions of LiOH in Figure 4 (note that, because of the anharmonic character of the O-H stretch in LiOH, [51] [52] [53] [54] we have shifted the frequency axes of experiment and our calculation by a rigid 100 cm −1 ). In the P = 1 atm P4/nmm-LiOH-II phase, our calculations (see section XI for details) reproduce very well the frequency increase with pressure and the splitting between the highest IR and Raman active modes. Regarding LiOH-III, we find an excellent fit of the experimental data to the I4 1 /acd structure, regarding absolute frequencies, their slow decrease with pressure, the splitting between IR and Raman modes, and also the splitting between the two IR active modes that was deduced from deconvolution of the experimental IR spectrum. 18 In contrast, the other structural candidates, which feature stronger hydrogen bonds (see their discussion below), show significantly larger drops in the OH stretching modes when compared to LiOH-II, as well as much steeper pressure dependence of the peak positions and different IR/Raman splittings than seen in experiment. We then simulated neutron diffraction patterns for LiOD. In Figure 5 , we show the results for various candidate structures, together with the experimental diffraction pattern from Ref. 19 , and explicit indication of the peaks discussed in that work. As can be seen, the I4 1 /acd structure provides an excellent fit to the data, and suggests that several other peaks in the histogram (at d = 1.63, 1.94, and 2.10 Å) do in fact also belong to LiOD, and not to the pressure cell. The P2 1 /a structure based on NaOD suggested in the analysis of the neutron data also fits the two largest peaks. However, after optimization of the atomic positions in that structure, the agreement is much less favorable. Other structures, including P4/nmmLiOD-II and stronger hydrogen-bonded Pbcm do not fit the neutron data at all.
In summary, arguments based on calculated ground state enthalpies, as well as comparisons to available experimental data (on unit cell volumes, vibrational spectra, and structure factor), all strongly suggest that the high-pressure phase LiOH-III takes up the I4 1 /acd structure. We cannot, however, exclude that this structure is (while most likely close) not fully correct; further experimental refinement of the structure will clarify this.
Tetragonal structures of I4 1 /acd symmetry were suggested in other compounds of metals with first row-hydrides: for the high-pressure phase LiBH 4 -III, based on both diffraction experiments and theory (stable between 0.9 and 27 GPa); 23 boron atoms. Naturally, neither compound features hydrogen bonds.
As the oxygen atoms in I4 1 /acd-LiOH are very close to the plane of lithium atoms, one might wonder whether concerted and coherent proton diffusion along the linear hydrogen bonds (i.e., along the a or b axis), which leads to an inversion OH · · · O ↔ O · · · HO of each hydrogen bond, might be a low-barrier process. However, we find the barrier for such a process to be quite high, between 1.50 (at P = 1 atm) and 0.75 eV/formula unit (at P = 20 GPa). Another possibility would be a concerted protonic conduction perpendicular to the hydrogen bonds, within the ab plane, with protons hopping from one OH group to the next. This process has even higher barriers in the stability region of the I4 1 /acd structure (see the supplementary material 50 for details on this and the previous process). It is therefore likely that I4 1 /acd-LiOH is robust against hydrogen diffusion or tunnelling processes.
Within the quasiharmonic approximation (see section XI for details), we find LiOH-III to be dynamically stable across its entire range of enthalpic stability. The P = 1 atm P4/nmm phase develops a dynamical instability around P = 6 GPa (see the supplementary material 50 for phonon dispersion curves), which leads to a rotation of the OH groups such that they form the hydrogen-bonded Pbcm phase.
VI. METASTABLE STRUCTURES AND CONNECTIONS TO OTHER SYSTEMS
We included several metastable structures in the discussion above. The first of those, of P2 1 2 1 2 1 symmetry, is actually the first zig-zag hydrogen-bonded structure that becomes more stable than the P4/nmm structure. Even though it never reaches absolute stability (being unstable with respect to the I4 1 /acd structure), it is worthwhile illustrating the structural features of such a system. In Figure 6 , we show the P2 1 2 1 2 1 structure (see the supplementary material 50 for more views and structural analysis of the hydrogen-bonded sub-lattices), and indicate its relation to structures of the same symmetry in electronically similar systems. The first is the lowtemperature phase of cesium oxydeuteride, CsOD, stable at T < 230 K, 9 and the other a high-pressure phase of lithium amide, LiNH 2 , stable in calculations between P = 46-280 GPa. 22 In these three structures, the cations form more or less distorted hexagonal networks, and the anions form hydrogen bonded zig-zag chains along the channels in the cation network. The detailed shape of the cation network depends on the choice of the cation as well as the external conditions (i.e., pressure). Both high-pressure phases (LiOH and LiNH 2 ) feature more close-packed herring-bone arrangements of the anion chains than CsOD, where the OD-chains are all parallel. All of these structures are inherently three-dimensional, whereas the corresponding P = 1 atm, room temperature phases of each compound are layered. In the LiNH 2 structure, adjacent NH 2 − units get closer to each other with increased pressure until, at around P = 500 GPa, they form infinite -(NH-H-)-chains. 22 The I4 1 /acd and P2 1 2 1 2 1 structures are parallel in enthalpy over a significant pressure range, even though their structural characteristics seem very different, as they feature linear and zig-zag hydrogen bonds, respectively. We modelled the energy of isolated linear and bent hydrogen-bonded OH-chains (see the supplementary material 50 ), and found the energy difference in the relevant O-O distance range to be roughly constant and about 0.2 eV/OH or 0.1 eV/atom; which (see Figure 2 ) contributes about half of the enthalpy difference between the structures. Of course, the cationic networks also differ, and hence the respective contributions to the Madelung energy of the complete structures.
Yet another phase that features zig-zag O-H · · · O-H chains, and which was proposed for LiOH-III on the basis of neutron diffraction refinement, is the P2 1 /a phase found at low temperatures in NaOD. 15, 19 It is a layered structure with hydrogen bonds between the layers (see Figure 7) . Albeit more stable than the P4/nmm phase at P > 8 GPa, the P2 1 /a phase is always metastable, because other hydrogenbonded phases, such as the above mentioned P2 1 2 1 2 1 phase or the Pbcm phase, are more stable. We find that some of the characteristic features of this structure (as seen in NaOD) differ in LiOH: where in NaOD the hydrogen bonds are strongly non-linear, α O-H · · · O = 151
• , and oxygen is five-fold coordinated in sodium, in LiOH the hydrogen bonds are quasi-
• , and the coordination of oxygen in lithium reduces to four-fold during the optimization, see Figure 7 . This rather significant reorganisation of the structure is responsible for the notably worse agreement of the optimized P2 1 /a phase with the neutron diffraction data in Figure 5 . Because of the ionic character of LiOH, one can conceive potential high-pressure structures based on other isoelectronic systems: from the LiF rocksalt structure 57 by substituting F with OH; from the BeO wurtzite structure 58 by substituting Be → Li and O → OH; or the Bmmb-HF structure 59 by HF → OH and adding lithium in cavities in the structure. None of those substitutions revealed new stable phases, but some relaxed towards metastable structures that had been found in our structure search.
VII. TRANSITION TO LiOH-IV AND BEYOND
At P = 16.5 GPa, we find a new structure of Pbcm symmetry becoming more stable than I4 1 /acd, and remaining as such up to P = 1100 GPa. We thus propose a new highpressure phase, LiOH-IV, above about 17 GPa. High-pressure phases of Pbcm symmetry have been found in all of NaOH, KOH, and RbOH (although their structures are not necessarily identical), 21 and the Pbcm-NaOH/-NaOD phase was described as a distorted NiAs-type structure, 20, 42 with Na + and OH − occupying the respective sites. The same can be said about Pbcm-LiOH: the OH groups form a hexagonal closepacked sublattice, with the lithium atoms interspersed and forming a simple hexagonal sublattice. Each OH group is surrounded by an octahedron of lithium atoms, and each lithium atom is coordinated to a trigonal antiprism of OH groups (see Figure 8 ). All OH groups lie within the hexagonal basal plane, where they form one-dimensional zig-zag chains of hydrogen bonds.
A variety of other phases are only slightly higher in enthalpy than this Pbcm phase across a wide pressure range, see Figure 9 . These phases (also shown in Figure 8 ) are all structurally very similar to Pbcm, and differ in the relative orientation of the OH groups (and hence the hydrogen bond network) throughout the crystal. Their structures are also listed in the supplementary material. In fact, all of those structures can be interpreted as Peierls distortions of a high-symmetry P6 3 /mmc phase with graphitic sheets of OH, see Figure 8 , which is then isostructural and isoelectronic to the boron-carbon sub-lattice in LiBC. 60 Such a two-dimensional atomic network of oxygen and hydrogen would then be a new structural motif for combinations of these two elements. At moderately high pressures (say, 300 GPa), this structure is very unstable, energetically (see Figure 9 ) and also dynamically (see the supplementary material 50 ). Distortions of the OH sub-lattice to form a hydrogen-bonded network of OH groups are very favorable. There are 16 crystallographically distinct such distortions in the four-molecule unit cell of P6 3 /mmc shown in Figure 8 , and all of the resultant structures were found in our structure search, with Pbcm as the global minimum. The enthalpies of all these distorted structures span the shaded area in Figure 9 . Optimizing all possible distortions of the OH sub-lattice in both a six-and eight-molecule super cell of P6 3 /mmc at P = 300 GPa did not result in any lower enthalpy structures than the Pbcm structure. Figure 9 shows that the relative instability of P6 3 /mmc decreases with increasing pressure. Might the ground state of LiOH then eventually feature an atomic, graphitic OH sublattice? Indeed, at very high pressures, around P = 1100 GPa, see Figure 9 , the high-symmetry polymeric P6 3 /mmc phase becomes the ground state of LiOH (it is also, within the quasi-harmonic approximation, dynamically stable, see the supplementary material 50 ). We might tentatively call this the LiOH-V phase. As compression increases, there simply is no room for isolated OH groups, and a symmetric position of the protons equidistant from its three nearest oxygen neighbours is preferred. This is equivalent to the molecularatomic phase transition from ice VIII to ice X, which creates symmetric O-H-O bonds (but takes place at ∼10-fold lower pressure 61 ) . A simple Morse model for the O-H interaction 62 illustrates this argument, see Figure 10 : at relatively large O-H distances, preferred proton positions are close to either of the oxygen atoms (to form OH groups) and off the ideal O-H connection line (to form hydrogen bonds); at reduced O-H distances, these minima merge and the energetic minimum position for the proton is in the ideal three-fold coordinated site, hence favoring the high-symmetry phase. The transition to a polymeric ground state in LiOH is predicted to occur at significantly higher pressures than in LiNH 2 (which is predicted around 280 GPa, 22 formation of infinite H-(NH)-chains) or LiBH 4 (which is predicted around 425 GPa, 23 formation of BH 4 layers). However, dynamical effects might play a role in reducing the transition pressure: the zero-point energies (see the supplementary material 50 ) are very large, about 0.77 eV/formula unit for Pbcm-LiOH at P = 600 GPa, which could lead to a dynamical ground state with the protons in the higher-symmetry positions. Nevertheless, it is likely very hard to verify the polymeric O-H-network in LiOH experimentally.
VIII. ENTHALPIC STABILITY
While we know that LiOH is stable at atmospheric pressure, its high-pressure phases also have to compete with other "escape routes" in the Li-O-H system. Enthalpic stability of a certain phase in a ternary phase diagram is an important indicator for its potential synthesis, 63, 64 albeit neither a necessary nor a sufficient condition.
In Figure 11 , we show Li-O-H phase diagrams at two pressures, P = 1 atm and P = 80 GPa. These are constructed purely from calculations, using the respective static ground state structures of the elements, the known binary and various ternary phases. A point inside the phase diagram corresponds to a certain ternary stoichiometry, while points along the edges correspond to binary phases. All vertices shown, including the corners, denote enthalpically stable phases. All unstable stoichiometries (binary or ternary) could lower their enthalpy by decomposition into the nearest stable phases in the phase diagram. Additionally, we included dashed lines and color shadings to indicate enthalpy contours with respect to the elements-so while LiH and H 2 O are definitely stable, they do not have the lowest enthalpy of formation per atom in the ternary system; the ionic solid Li 2 O is the thermodynamic sink here.
At P = 1 atm, we correctly identify anhydrous LiOH and its monohydrate LiOH+H 2 O as stable static phases, and   FIG. 11 . From left: Ternary Li-O-H phase diagrams at P = 1 atm and P = 80 GPa (relative enthalpy of formation indicated by purple hue), and the enthalpy of formation of LiOH with respect to all competing phases. metastable phases such as H 2 O 2 are (correctly) not points of stability. At moderate pressures, between 10 and 20 GPa, LiOH+H 2 O becomes metastable, while anhydrous LiOH remains a stable phase at least up to P = 80 GPa. In fact, the negative enthalpy of formation of LiOH (with respect to all positive decomposition reactions) increases in magnitude with pressure, see the right side of Figure 11 . We thus expect that LiOH, once loaded into a pressure cell, could be studied up to very high pressures, including the phase transitions to LiOH-III and LiOH-IV. We note that Figure 11 uses computational results on high-pressure phases of Li 2 O, LiOH+H 2 O, and Li 2 O+LiOH that we will discuss in a separate paper.
IX. ELECTRONIC STRUCTURE
Pure LiOH is an ionic solid, and therefore, as one might expect, a wide-gap insulator. At P = 1 atm, the DFT band gap (likely an underestimation) is 4.01 eV, and the valence bands (see Figure 12 ) are narrow, as the electronic states are very localized.
As expected, valence band states are dominated by OH, with lithium's 2s state seen in the conduction band. A topological analysis of the charge density 65 leads to a charge distribution in LiOH of Li +0.84 (OH) −0.84 . Interestingly, the band gap increases with pressure, and across all relevant phases (see Figure 13 ). In general, the more stable phases tend to feature wider band gaps. 66 However, the "ionicity" of LiOH (according to the Bader charge analysis) decreases slightly within each phase as pressure is increased. Also, the valence bands widen, in particular when hydrogen bonds are formed, see the supplementary material. 50 Regarding a possible lowering of the metallization pressure in LiOH compared to H 2 O, because of the introduction of the more electropositive lithium ions, this material seems to behave just the opposite: at P = 1200 GPa, in the polymeric P6 3 /mmc phase, LiOH has a DFT band gap of 10.93 eV-much larger than the 5.5 eV band gap in the Pmc2 1 phase of ice at the same pressure. 25 The reason is the ionic component in the solid-state bonding in LiOH, which is even more pronounced than in H 2 O, and means electronic charge is very localized, even up to the highest pressures studied here.
X. SUMMARY
We have presented results of a computational study of the high-pressure phases of LiOH. We propose a re-assignment of the LiOH-III phase, which we find to be the ground state between P = 1 · · · 17 GPa. LiOH-III takes up a new tetragonal structure type amongst the alkali hydroxides with linear hydrogen-bonded OH · · · OH · · · OH chains, which order anti-ferroelectrically. Suggestive on energetic grounds, this structure also provides a better fit than those proposed previously to explain neutron diffraction and vibrational data. Another high-pressure phase, LiOH-IV, with Pbcm symmetry and a more common zig-zag hydrogen bond network of OH units, becomes stable for P > 17 GPa. This suggests that all alkali hydroxides have a high-pressure phase of Pbcm symmetry, even though it is not clear yet whether they are all identical. At very high pressures (P ∼ 1.1 TPa), LiOH-IV approaches a high-symmetry hexagonal structure with an unusual graphitic net of oxygen and hydrogen. The ionic character of the compound means a strong resistance to metallization, with electronic band gaps increasing up to the highest pressures studied here.
XI. COMPUTATIONAL METHODOLOGY
Density functional calculations used the PBE exchangecorrelation functional 67 68 in contrast to, e.g., ultrasoft pseudopotentials. DOS calculations used k-point meshes with densities of at least 80/Å −1 . IR/Raman frequencies were calculated using the finite difference method, and symmetries of modes were determined using the QuantumESPRESSO code. 69 Phonon dispersion curves and DOS's were calculated using the PHON package, based on the finite displacement method, in supercells of at least 192 atoms. 70 Neutron diffraction pattern were simulated using the GSAS/EXPGUI software.
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